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Many women with no history of executive dysfunction report difficulties in this domain during the menopause transition. Lisdexamfetamine
(LDX) has been suggested to be a safe and effective treatment option for these women. However, the mechanism by which LDX improves
executive functioning in these women is not known. Here we investigated the effects of LDX on brain activation and neurochemistry,
hypothesizing that LDX would be associated with increased activation and decreased glutamate in executive regions. Fourteen women
underwent multimodal neuroimaging at 7T at three time points in this baseline-corrected, double-blind, placebo-controlled, crossover
study. Effects of LDX on symptom severity, blood-oxygen-level-dependent (BOLD) signal, and dorsolateral prefrontal cortex (DLPFC)
glutamate+ glutamine (Glx) were measured using a clinician-administered questionnaire, fMRI during performance of a fractal n-back task, and
1H-MRS, respectively. The effect of treatment (LDX minus baseline vs placebo minus baseline) on these behavioral and neural markers of
executive function was examined using repeated measures mixed effects models. LDX treatment was associated with decreased symptom
severity, increased activation in the insula and DLPFC, and decreased DLPFC Glx. In addition, the magnitude of LDX-induced improvement in
symptom severity predicted both direction and magnitude of LDX-induced change in insular and DLPFC activation. Moreover, symptom
severity was positively correlated with Glx concentration in the left DLPFC at baseline. These findings provide novel evidence that the neural
mechanisms by which LDX acts to improve self-reported executive functioning in healthy menopausal women with midlife onset of executive
difficulties include modulation of insular and DLPFC recruitment as well as decrease in DLPFC Glx concentration.
Neuropsychopharmacology (2017) 42, 437–445; doi:10.1038/npp.2016.162; published online 14 September 2016
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INTRODUCTION

During the menopause transition, many women with no
history of executive functioning deficits report cognitive
difficulties in domains including working memory, organiza-
tion, focus, and attention (Epperson et al, 2011). This midlife
onset of executive difficulties may be a result of reduced
estradiol modulation of the executive system (Shanmugan
and Epperson, 2014). Proper executive functioning depends
on the neurochemical environment of executive regions
including the dorsolateral prefrontal cortex (DLPFC), the
region of the prefrontal cortex (PFC) critical for attention and
working memory (Arnsten and Jin, 2014). PFC function has

been characterized as an inverted U-shaped curve such that
optimal executive function (EF) depends on a balance of
factors including baseline monoaminergic and glutamatergic
function (Arnsten and Jin, 2014) as well as hormonal status
(Jacobs and D'Esposito, 2011). In such a model, a decrease in
estradiol levels during menopause could cause executive
difficulties in women whose genetics or previous life
experiences make them susceptible to such a cognitive
decline (Culpepper, 2015; Kudielka et al, 2009; Shanmugan
and Epperson, 2014) (Figure 1).
Estradiol affects working memory through modulation of

PFC dopamine activity. In women who metabolize dopa-
mine more quickly, low estradiol levels result in improper
PFC activation during working memory tasks (Jacobs and
D'Esposito, 2011). Preclinical models have suggested estra-
diol modulation of glutamatergic function may be an
additional mechanism by which estradiol loss induces
changes in cognition. Estradiol loss reduces the density of
healthy dendritic spines in the DLPFC (Bailey et al, 2011)
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that are necessary for communication between delay cells
(Wang and Arnsten, 2015), neurons capable of maintaining
representations across a delay in the absence of sensory
input. Loss of this regulation could lead to disinhibition of
neurons that fire in response to a stimulus, potentially
resulting in higher DLPFC glutamate levels and worse EF
(Wang and Arnsten, 2015).
As such, interventions that increase dopamine and

decrease glutamate may improve executive difficulties
induced by loss of estradiol input to the PFC during
menopause. We have shown that lisdexamfetamine (LDX),
a stimulant medication, successfully improves subjective
measures of EF in menopausal women with self-reported
new-onset executive difficulties (Epperson et al, 2015). In
addition to increasing extracellular dopamine and norepi-
nephrine, stimulants also have direct and indirect effects on
striatal and cortical glutamate critical to optimal PFC
function (Paspalas and Goldman-Rakic, 2005).
Previous studies have shown that stimulant medications

increase blood-oxygen-level-dependent (BOLD) signal in
executive regions, including the insula (Rubia et al, 2014)
and DLPFC (Wong and Stevens, 2012) in subjects with
ADHD. In addition, stimulants also decrease glutamate levels
in the PFC of children with ADHD (Wiguna et al, 2012).

However, no neuroimaging studies examining the effect of
LDX on brain activation or neurochemistry have been
performed. In addition, whether stimulants improve execu-
tive deficits in populations other than ADHD with similar
cognitive difficulties by analogous mechanisms is not known.
Furthermore, although preclinical studies suggest glutama-
tergic tone may mediate executive capabilities (Wang and
Arnsten, 2015), information regarding the role that DLPFC
glutamate levels play in EF in human subjects is limited.
Thus, human subject studies evaluating the effect of
stimulants on neural markers of executive dysfunction in
populations other than ADHD are necessary to determine
the mechanisms by which such medications improve
executive deficits in these populations.
Accordingly, here we used multimodal neuroimaging and

a baseline-corrected, double-blind, placebo-controlled, cross-
over design to examine the effects of LDX on executive
system recruitment and neurochemistry in 14 healthy
menopausal women with midlife-onset executive dysfunc-
tion. We hypothesized LDX would increase executive
activation during a working memory task and decrease
glutamate + glutamine (Glx) levels in the DLPFC at rest.
Furthermore, we predicted baseline DLPFC Glx levels would
be reflective of the degree of executive dysfunction.

MATERIALS AND METHODS

Participants

Subjects in this study represent a subset of women who
participated in a clinical trial investigating the effects of LDX
on EF (Epperson et al, 2015) and were recruited from the
parent trial to participate in this neuroimaging adjunct study.
Women aged 45 to 60 years with EF difficulty onset during
menopause and who were within 5 years of their last
menstrual period (LMP) were eligible to participate. Perime-
nopausal women had irregular menstrual cycles for
⩾ 12 months, no period for ⩾ 3 months, and serum follicle-
stimulating hormone (FSH) level of ⩾ 20 IU/l. LMP of
⩾ 12 months and serum FSH levels of ⩾ 35 IU/l indicated
postmenopausal status. Subjective EF symptom severity was
assessed using the Brown Attention Deficit Disorder Scale
(BADDS) (Brown, 1996). BADDS score of ⩾ 20 and onset of
symptoms coinciding with the initiation of menstrual cycle
irregularity were required.
Women with a lifetime history of a DSM-IV psychotic

disorder or psychostimulant abuse, substance abuse disorder
in the previous year, or present Axis I psychiatric disorder
were excluded. Psychotropic medication use, ET use within
the previous 6 months, positive pregnancy test, Mini-Mental
Status Examination score ofo26, IQ ⩽ 90, history of seizures,
cardiac disease, active hypertension, claustrophobia, abnormal
electrocardiogram at screening, left-handedness, and metallic
implants were all exclusionary. Subjects were excluded from
ROI analyses for poor coregistration (n= 2). Excessive motion
(mean relative displacement 40.5mm; n= 1) was an
additional exclusionary criterion in whole-brain analyses.

Study Design

This study was a double-blind, placebo-controlled, crossover
study. After screening, subjects underwent neuroimaging

Figure 1 Model for effects of estradiol and LDX on executive function.
Executive functioning capacity depends on the neurochemical environment
in the PFC. Within the optimum range of neurotransmitter concentrations,
represented by the gray crosshatching in the figure, normal executive
functioning is maintained by a balance of factors including dopamine,
norepinephrine, and glutamate concentrations as well as estradiol level.
Where a woman falls on this curve depends on her genetics for
catecholaminergic and glutamatergic metabolism and signaling as well as
hormonal status and stress level. Response to stress is modified by numerous
factors such as age, hormonal and reproductive status, current or previous
use of medications such as glucocorticoids or psychoactive drugs, smoking,
coffee and alcohol consumption, caloric intake, genetics, exposure to prenatal
stress, birth weight, gestational age, level of early family adversity, and position
in social hierarchy, indicating that individual lifestyle choices and adverse
childhood experiences may affect an individual’s executive functioning
capacity before and during menopause (reviewed by Kudielka et al, 2009). In
addition, factors such as depressive symptoms (Culpepper, 2015), substance
use, and medication side effects (Kudielka et al, 2009) may also contribute to
an individual’s executive functioning capacity. During menopause, women
whose combination of such factors place them toward the left of the optimal
range may experience executive functioning difficulties because of loss of
estradiol modulation of prefrontal systems. LDX may improve executive
functioning in these women by increasing dopamine and norepinephrine as
well as decreasing glutamate in the PFC, although response to LDX should
be considered in the context of underlying genetic variability in
catecholaminergic and glutamatergic neurotransmission.
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and cognitive assessment at three time points. After baseline,
subjects were randomized to one pill of study medication
(LDX 20 mg or placebo) daily for the first week, two pills
daily for the second week, and, if tolerated, three pills daily
for the final 2 weeks of each trial. Participants were allowed
to remain in the study if they could tolerate at least 1 pill
per day throughout the study. Upon completion of the first
4-week trial, participants underwent a 2-week washout and
were crossed over to the other treatment condition. Testing
and imaging were conducted ∼ 2–6 h after last LDX dose.

Assessment of Executive Function

Assessment of subjective EF was as previously reported
(Epperson et al, 2015). Briefly, subjects completed the
BADDS, a validated subjective measure of EFs (Sandra
Kooij et al, 2008). The BADDS is a clinician-administered
questionnaire that assesses the frequency and severity of five
clusters of executive dysfunction: (1) organization and
activating for work, (2) sustaining attention and concentra-
tion, (3) sustaining alertness, effort, and processing speed, (4)
managing affective interference, and (5) using working
memory and accessing recall. Subjects rate symptoms on a
scale from 0 to 3, with 0 meaning the problem described does
not relate to them and 3 indicating the problem occurs almost
daily. Subjects also completed an out-of-scanner cognitive
battery consisting of a letter n-back task, NYU paragraph
recall task, and Penn Continuous Performance Task to assess
working memory, verbal memory, and sustained attention,
respectively (see Epperson et al, 2015 for further detail).

fMRI Task Paradigm

Subjects completed a fractal n-back task (Ragland et al, 2002)
with 3 conditions (0-, 2-, and 3-back) during each scan to
probe working memory. Subject performance was monitored
to ensure adequate task engagement. See Supplementary
Methods for further detail.

Image Processing

Imaging data were acquired on 7T Siemens Trio scanner
(Supplementary Methods). In comparison with 3T, the higher
signal-to-noise ratio and greater sensitivity to BOLD signal at
7T allows for increased ability to distinguish differences
between conditions, although 7T is more sensitive to
distortion and artifacts.
Time series were analyzed with FEAT (fMRI Expert

Analysis Tool) (Supplementary Methods). To determine the
effect of treatment (active-baseline vs placebo-baseline),
mean signal change for the 3-back contrast was extracted
from functionally defined ROIs in the right and left DLPFC,
medial frontal/cingulate gyrus (MF/CG), right and left
insula, right and left parietal cortex, and posterior cingulate
cortex. ROI masks for these regions were functionally
defined using the parametric contrast of the group mean of
all sessions (baseline, active, and placebo). The activation
map of the group mean of the parametric contrast was
cluster corrected at a voxel threshold of z44.5 and cluster
probability of Po0.001 (Woolrich et al, 2009). ROI masks
were transformed into subject space using FLIRT. An
exploratory whole-brain analysis using a two-sample paired

t-test in FSL was also performed on the 3-back contrast to
characterize the effect of treatment (active vs placebo). Type I
error control was provided by cluster correction using
Gaussian Random Field Theory (voxel height of z41.6;
cluster probability of Po0.05).

MRS and Quantification of Glutamate

Water-reference single voxel spectroscopy (SVS) and water-
suppressed SVS scans were obtained on a voxel placed in the
left DLPFC (15 × 30 × 20mm3) (Supplementary Figure 1a).
Voxels were placed ~ 1 cm from the skull to avoid lipid
contamination. Automated shimming of the B0 field was
performed on the voxel to obtain localized water line width
of ~ 20 Hz or less using FASTMAP. Variable power RF
pulses with optimized relaxation delays (Tkac et al, 1999)
were used to obtain water suppression spectra (Cai et al,
2012). SVS for Glx was obtained using short TE SVS with
modified point-resolved spectroscopy sequence (PRESS)
having the following parameters: spectral width= 4 kHz,
number of points= 2048, averages= 16 (water reference) or
64 (water suppressed), TE= 20 ms, TR= 3000 ms. Chemical
shift artifact for Glx was minimized by setting water
acquisition spectrum excitation and refocusing pulses in
resonance with the water peak at 4.7 p.p.m., and also setting
water-suppressed spectrum excitation and refocusing pulses
in resonance with the Glx peak at 2.35 p.p.m.
Water-reference data were used to obtain channel-wise

time-dependent phase shifts due to eddy current and
amplitude scale factors. Using a fitting method validated by
Cai et al (2012), metabolite peaks from water-suppressed
spectrum were fitted as Lorentzian functions with nonlinear
least squares fitting using lsqcurvefit in MATLAB. This
procedure accounted for amplitudes, line widths, and peak
positions for 8 macromolecular and 14 metabolite peaks.
Normalization by water-reference signal allowed for quanti-
fication of Glx (Supplementary Figure 1b). See Supplementary
Information for goodness-of-fit assessment.

Statistical Analysis

Mixed effects models were employed to compare the BADDS
scores, cognitive task performance, BOLD in ROIs, and
glutamate levels measured at the end of the active trial minus
baseline vs those measured at the end of the placebo minus
baseline for each participant to account for repeated measures
(Woolrich et al, 2009). Although the parametric activation map
used to identify ROIs was corrected for multiple comparisons
using Gaussian Random Field Theory (Woolrich et al, 2009),
we did not further correct for the number of ROIs examined
and P-values reported are uncorrected. In supplementary
analyses, BMI was included as a covariate in models examining
the effect of LDX on BOLD and glutamate to ensure LDX-
induced change in BMI did not affect results. Age and the
proportion of gray matter in the spectroscopy voxel were
included as covariates in a model examining the drug effect on
glutamate (Supplementary Results).
Spearman’s rank-order correlations were used to compare

(1) BADDS scores to glutamate levels at baseline and (2)
change in BADDS scores between active and baseline to
change in BOLD between active and baseline. Association
between glutamate and BOLD was evaluated with linear
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regression. Measures of anxiety, depression, sleep, and overlap
between BOLD and spectroscopy voxels were controlled for in
supplementary analyses (Supplementary Methods). The effect
of LDX on n-back performance was evaluated using mixed
effects models with condition as a three-level predictor
variable to minimize the effect of missing data.

RESULTS

Participants

Eighteen subjects from the parent clinical trial were enrolled
in this neuroimaging adjunct study. Of these 18 subjects, 14
subjects completed all 3 imaging sessions. One subject was
unable to see the screen during the fMRI task and did not
complete the baseline session, two subjects withdrew after
the baseline session, and one subject was unable to tolerate
being in the scanner during her final scan because of nasal
congestion. Baseline characteristics for the 14 women who
completed both active LDX and placebo conditions are
depicted in Table 1. The order of active and placebo visits
across these 14 women was counterbalanced: 7 received
active first and 7 received placebo first. The 14 subjects who
completed imaging had higher total BADDS scores at
baseline than subjects from the parent clinical trial who
did not participate in this imaging adjunct study (imaging:
44.7± 17.8; other: 28.6± 12.3; t=− 3.01, df= 30, P= 0.005)
but were similar in terms of age, race, and education (See
Supplementary Information for Methods). All but two
participants finished each trial taking three pills per day.
One participant experienced jitteriness and increased heart
rate after increasing from one to two pills and remained on
one pill for the remainder of the trial (active LDX). The other
experienced an increase in blood pressure upon increasing
from two to three pills and remained on two pills for the
remainder of that trial (placebo).

Behavioral Results

LDX significantly decreased total BADDS (F= 26.6, df= 13,
Po0.0002) (Figure 2a and Supplementary Figure 2a)
and each BADDS subscale (organization/activation for
work, F= 14.3, df= 13, P= 0.002; attention/concentration,
F= 31.7, df= 13, Po0.0001; alertness/effort/processing speed,
F= 12.3, df= 13, P= 0.004; managing affective interference,
F= 4.8, df= 13, P= 0.05; working memory/accessing recall,
F= 14.4, df= 13, P= 0.002) (Figure 2b and Supplementary
Figure 2b). Although there was a trend toward an effect of
LDX in decreasing out-of-scanner 2-back true positive
reaction time (F= 3.2, df= 10, P= 0.1), no significant effect
of LDX was observed on delayed paragraph recall, continuous
performance task, or in-scanner n-back performance
(P40.05) (Supplementary Figure 3).

BOLD Results

As expected, the n-back task robustly activated executive
network regions and deactivated nonexecutive regions
(Figure 3a). ROI analyses demonstrated LDX increased
activation in the right insula/IFG (F= 20.7, df= 11,
P= 0.0008) and left DLPFC (F= 2.9, df= 11, P= 0.12)
(Figure 3b and Supplementary Table 1) during the 3-back.

This robust insular finding remained significant in an
exploratory whole-brain analysis (MNI coordinates: x= 48,
y= 52, z= 18; k= 1416) (Figure 3c).
LDX-induced change in right insula activation was

positively associated with LDX-induced decrease in total
BADDS score (r= 0.95, P=o0.0001, t= 9.88, df= 11),
BADDS subscale 1 (r= 0.86, P= 0.0004, t= 5.22, df= 11),
and BADDS subscale 3 (r= 0.83, P= 0.0008, t= 4.70, df=
11). Similar results were obtained for correlation between
LDX-induced change in activation in the left DLPFC and
total BADDS score (r= 0.78, P= 0.003, t= 3.90, df= 11),
BADDS subscale 1 (r= 0.78, P= 0.0028, t= 3.93, df= 11),
and BADDS subscale 3 (r= 0.81, P= 0.0014, t= 4.38, df= 11)
(Figure 3d). Correlations remained significant when con-
trolling for measures of anxiety, depression, and sleep
(Supplementary Results).

Table 1 Participant Characteristics

Mean (SD) or number (%)

Age (years) 53.1 (3.0)

Time since last menstrual period (months) 31.8 (18.1)

IQ 115.9 (11.3)

Mini-mental status exam 28.8 (1.1)

Marital status

Single 2 (14.3)

Married 9 (64.3)

Divorced/separated 2 (14.3)

Widowed 0 (0)

Did not disclose 1 (7.1)

Menopause status

Perimenopause 2 (14.3)

Postmenopause 12 (85.7)

Race

Caucasian 9 (64.3)

African American 3 (21.4)

American Indian/Alaska native 1 (7.1)

Others 1 (7.1)

Ethnicity

Hispanic 0 (0)

Non-Hispanic 14 (100)

Education

High school 1 (7.1)

Some college/vocational 2 (14.3)

College graduate/some graduate school 6 (42.9)

Graduate/professional degree 5 (35.7)

Household income

Unknown or did not disclose 4 (28.6)

o$50 000 2 (14.3)

$50 000 to $100 000 3 (21.4)

$100 000 to $200 000 4 (28.6)

4$200 000 0 (0)

Employed

Full time 14 (100)
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Figure 2 LDX improves subjective measures of executive function. The decrease in BADDS scores from baseline was significantly greater with LDX versus
placebo for both (a) total BADDS (F= 26.6, df= 13, Po0.0002) and (b) each BADDS subscale (organization/activation for work, F= 14.3, df= 13, P= 0.002;
attention/concentration, F= 31.7, df= 13, Po0.0001; alertness/effort/processing speed, = 12.3, df= 13, P= 0.004; managing affective interference, F= 4.8,
df= 13, P= 0.05; working memory/accessing recall, F= 14.4, df= 13, P= 0.002). Error bars represent standard error.

Figure 3 LDX increases executive activation during working memory. (a) The n-back task robustly activated executive network regions and deactivated
non-executive regions, as depicted by the parametric contrast (z44.5, Po0.001). (b) Recruitment of the right insula and left DLPFC increased with increasing
levels of working memory load. Values plotted represent mean difference in activation from baseline at each task level. Error bars represent SD. (c) Whole-
brain analysis using a paired t-test (z41.6, Po0.05) of the 3-back contrast demonstrated that activation in the right insula (MNI coordinates: x= 48, y= 52,
z= 18; k= 1416) was significantly greater than placebo. (d) LDX-induced increase in both right insula and left DLPFC BOLD signal from baseline during the
3-back was positively correlated with LDX-induced decrease in total BADDS Scores as well as BADDS subscales measuring organization/activation for work
and alertness/effort/processing speed. Subjects with the greatest improvements in BADDS scores demonstrated less task-induced activation with LDX,
whereas subjects with the least improvements in BADDS scores demonstrated greater task-induced activation with LDX. Right insula: total BADDS (r= 0.95,
P⩽ 0.0001, t= 9.88, df= 11); organization/activation for work (r= 0.86, P= 0.0004, t= 5.22, df= 11); alertness/effort/processing speed (r= 0.83, P= 0.0008,
t= 4.70, df= 11). Left DLPFC: total BADDS (r= 0.78, P= 0.003, t= 3.90, df= 11); organization/activation for work (r= 0.78, P= 0.0028, t= 3.93, df= 11);
alertness/effort/processing speed (r= 0.81, P= 0.0014, t= 4.38, df= 11).
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Spectroscopy Results

LDX was associated with decreased Glx concentration in the
left DLPFC (F= 4.6, df= 13, P= 0.052) (Figure 4a and
Supplementary Figure 4). Glx values (mean mM± SD) at
baseline, active, and placebo were 9.14± 0.81, 8.4± 1.03, and
8.91± 0.86, respectively. At baseline, left DLPFC Glx
concentration was positively correlated with total BADDS
(r= 0.64, P= 0.01, t= 2.90, df= 13), BADDS subscale 1
(r= 0.70, P= 0.005, t= 3.43, df= 13), and BADDS subscale
3 (r= 0.58, P= 0.03, t= 2.47, df= 13) (Figure 4b). There were
no other significant correlations between Glx and BADDS or
between Glx and DLPFC BOLD (P40.05).

DISCUSSION

In this double-blind, placebo-controlled, crossover study, we
examined the effect of LDX on behavioral and neural markers
of EF at 7T. To account for the inherent variability in the
BOLD signal, a repeated measures, baseline-corrected study
design was used. LDX treatment was associated with improved
self-reported EF in comparison with placebo, as shown by a
significant reduction in BADDS scores. Furthermore, LDX
treatment significantly increased recruitment of executive
regions during performance of a working memory task. In
addition, LDX treatment decreased Glx concentrations in the
left DLPFC at rest. Taken together, these data provide novel
evidence for the neural mechanisms by which this drug acts to
improve self-reported EF in previously healthy menopausal
women with midlife onset of executive difficulties.

Evidence for Psychostimulant Effects on EF

As in the parent clinical trial (Epperson et al, 2015), we found
that LDX improved EF in this subset of women as measured
by self-reported symptom severity. We did not, however, find

an effect of LDX on working memory task performance.
Although the task used in this study was validated in a large
sample of healthy volunteers (Gur et al, 2010), education level
has been shown to be correlated with performance on
executive tasks, particularly the n-back (Gur et al, 2010).
Given the large portion of our sample that had at least a
college degree (79%) and graduate degree (35%), ceiling
effects from the high performance at baseline likely rendered
these tests unable to detect any objective improvements in EF.

Evidence for Psychostimulant Effects on Executive
Activation

The most robust finding in the present study is evidence of
LDX effect of increasing activation in the insula/IFG region.
This was observed in an ROI analysis at all levels of the
n-back task performed as well as in a whole-brain analysis.
These results accord with a copious literature of neuroima-
ging studies of stimulant effects in individuals with ADHD
(Rubia et al, 2014), and moreover highlight the mechanism
of this drug’s action in a population who exhibits similar
executive deficits but who do not meet criteria for ADHD.
A meta-analysis of 14 fMRI data sets found stimulants

relative to placebo/off-medication most consistently increase
activation in the insula/IFC (Rubia et al, 2014). This finding is
present during tasks probing executive domains of inter-
ference inhibition (Rubia et al, 2014), time discrimination
(Rubia et al, 2014), and working memory (Spencer et al,
2013). The insula is part of the cinglo-opercular control
network critical for cognitive control, and is particularly
important in the maintenance of task sets and error
monitoring (Power et al, 2011).
Although the DLPFC is a part of the frontoparietal network

supporting goal-directed executive processes (Cortese et al,
2012), and is an area implicated in the pathogenesis of
executive deficits seen in ADHD (Cortese et al, 2012), the

Figure 4 Left DLPFC Glx concentrations. (a) Decrease in left DLPFC Glx concentration from baseline was greater with LDX vs placebo (F= 4.5, df= 12,
P= 0.056). Error bars represent standard error. (b) At baseline, left DLPFC Glx concentration was positively correlated with total BADDS (r= 0.64, P= 0.01,
t= 2.90, df= 13) as well as BADDS subscales measuring organization/activation for work (r= 0.70, P= 0.005, t= 3.43, df= 13) and alertness/effort/processing
speed (r= 0.58, P= 0.03, t= 2.47, df= 13).
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effect of stimulants on the DLPFC is inconsistent. Studies
have found that stimulants increase (Wong and Stevens,
2012), decrease (Cubillo et al, 2014), or have no effect (Kobel
et al, 2009; Rubia et al, 2014) on DLPFC activation. Such
inconsistency may be due in part to the type or dosage of
medication used and level of working memory load probed
(Cubillo et al, 2014).
We also found the magnitude of LDX-induced improve-

ment in symptom severity predicted both the direction and
magnitude of LDX-induced change in both insular and
DLPFC activation. Whereas subjects with the greatest
improvements in BADDS scores demonstrated less task-
induced activation, subjects with the least improvements in
BADDS scores demonstrated greater task-induced activation,
suggesting that other factors such as genetics, adverse
childhood experiences, baseline activation and symptom
severity, and time since last menstrual period affect the
relationship between LDX treatment and brain and beha-
vioral response. Our observation that LDX treatment
resulted in an overall increase in DLPFC and insular cortex
BOLD (Figure 3b and c) was likely driven by the greater
proportion of individuals who experienced an increase rather
than a decrease in activation from baseline (Figure 3d). One
study found no correlation between activation during a stop-
signal task and symptom severity after controlling for
psychostimulant use in adults with ADHD (Congdon et al,
2014). However, no studies have looked at the correlation
between stimulant-induced changes in brain activation
during working memory and stimulant-induced changes in
symptom severity in adults. Thus, our findings make an
important step toward understanding factors that affect
stimulant effects on brain activation and may in part explain
the contradictory findings (Cubillo et al, 2014; Kobel et al,
2009; Rubia et al, 2014; Wong and Stevens, 2012) of
stimulants on brain activation in the literature.

Evidence for Psychostimulant Effects on Neurochemistry

A third important finding in this study was that LDX
significantly decreases Glx concentrations in the DLPFC
from baseline in comparison with placebo. Results of the few
studies that have examined the effect of stimulants on left
PFC glutamate levels are inconsistent and have shown that
stimulants either decrease (Wiguna et al, 2012) or have no
effect (Carrey et al, 2002; Husarova et al, 2014b) on
glutamate concentrations. Differential effects of stimulants
on glutamate levels have been attributed to differences in
medication formulation, treatment duration, or a combina-
tion of both (Husarova et al, 2014b).
Importantly, we found that left DLPFC Glx levels at

baseline positively correlated with self-reported executive
function symptom severity. Only one other study has
examined the relationship between DLPFC glutamate con-
centration and subjective executive dysfunction symptom
severity (Husarova et al, 2014a). Although this study found
no correlation between left DLPFC glutamate and parent-
reported symptom severity, associations between executive
symptom severity and other neurometabolites including
N-acetylaspartate/creatine, Glx/creatine, and choline/creatine
in the DLPFC or white matter behind the DLPFC were
observed. However, it is important to note that subjects in
that study were children who met criteria for ADHD

combined subtype and almost one-third of subjects also
had comorbid oppositional defiant disorder.
Interestingly, we did not find an association between

treatment-induced change in Glx and treatment-induced
change in symptom severity. This would seem to indicate that
LDX disrupts the relationship between Glx and symptom
severity seen at baseline. The implications of the lack of
association between these variables with placebo treatment is
less clear, but could indicate that either placebo also causes a
change in neurochemistry, prior LDX treatment alters the
relationship between Glx and symptom severity, or that the
washout period was not of sufficient duration to return the
relationship between these variables to baseline. Glutamate
antagonists have been shown to improve symptoms of
anxiety and depression in preclinical models (Gerhard et al,
2016), suggesting the moderating effect of glutamate on mood
symptoms could be a confounding factor when evaluating the
relationship between glutamate and executive symptom
severity. However, we found that correlations between Glx
and total BADDS score remained significant even when
controlling for measures of depression and sleep, indicating
that this relationship is not simply a reflection of the effect of
LDX on mood. No other studies have directly examined the
correlation between stimulant-induced changes in left DLPFC
Glx and stimulant-induced changes in symptom severity.
We did not find an association between Glx concentration

and BOLD signal in the left DLPFC. Interestingly, both of
these measures were correlated with the same measures of
symptom severity: total BADDS, subscale 1, and subscale 3.
There was not, however, an association between neural
outcome measures and other BADDS subscales even though
LDX significantly improved symptoms in all domains,
suggesting certain subscales may be more sensitive to neural
markers of EF in this population. The relationship between
glutamate concentration and BOLD signal is not well
established. One study found a positive correlation between
dorsal anterior cingulate cortex (ACC) glutamate and BOLD
during a cognitive control task in several regions including
the retrosplenial cortex, orbitofrontal cortex, inferior parietal
lobule, and basal ganglia (Falkenberg et al, 2012). Another
study found a positive correlation between dorsomedial PFC
glutamate and pregenual ACC BOLD during emotional
processing (Stan et al, 2014). In contrast, another study
found no correlation between glutamate and BOLD in the
ACC or inferior frontal gyrus before, during, or after
performance of an interference inhibition task (Kuhn et al,
2015), even though voxel placement was guided by
individual’s BOLD activity. However, no studies have
examined the relationship between DLPFC glutamate con-
centration and activation during a working memory task at
baseline or with psychostimulant treatment.

Limitations

Certain limitations of the present study should be noted.
First, the sample size is relatively small. However, the
repeated measures design allowed for decreased variance in
estimates of treatment effects and increased power to detect
between group differences. In addition, although the BOLD
signal is inherently variable, this study included a baseline
session allowing comparisons between active and placebo to
be baseline corrected. Doing so contrasted the minimal
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differences in behavior, executive activation, and Glx
concentrations between placebo and baseline with the
significant differences between active and baseline. Further-
more, the high signal-to-noise ratio at 7T allows for
increased ability to distinguish differences between
conditions.
A second limitation of this study is that 1H-MRS does not

distinguish between intra- and extracellular glutamate levels.
Preclinical studies show the extracellular pool of glutamate is
between 1 and 4 μmol (Lerma et al, 1986). Glutamate
measured using 1H-MRS is between 8 and 12 mmol,
suggesting our findings are based primarily on the intracel-
lular pool of glutamate. Another limitation is the inability to
resolve glutamate from glutamine, even at 7T, because of
spin-spin coupling. However, the small values in Glx fit
uncertainty (o0.1) and strong intraclass correlation (0.6)
between Glx values at baseline and placebo suggest robust
goodness of fit and test–retest reliability, respectively.
Third, current substance abuse could affect both behavior-

al and imaging outcomes and subjects were not required to
undergo a drug screen on each test day. However, a clear
urine toxicology during screening was required for inclusion
in the study. In addition, because these subjects did not have
any history of substance abuse, substance abuse during the
study was unlikely. Fourth, we did not formally assess
whether participants could accurately guess when they were
on active LDX or placebo. However, we did examine
carryover effects in the larger clinical trial and did not find
any order effects on behavioral outcome measures (Epperson
et al, 2015), suggesting that if participants accurately
identified the active LDX from placebo trials, this knowledge
did not unduly affect our outcomes.

CONCLUSIONS

In summary, these data provide novel evidence regarding the
neural mechanisms by which stimulants act to improve
executive functioning in healthy menopausal women with
midlife onset of executive difficulties. Further research is
needed to determine whether other factors such as genetics
or adverse childhood experiences modulate the effect of LDX
on glutamate and executive system recruitment. Such
information could serve as markers of women who may
experience cognitive difficulties upon entering menopause
and of women who would benefit from early intervention.
Furthermore, the mechanisms by which loss of estradiol and
healthy dendritic spines as well as higher cortical glutamate
concentrations contribute to worse executive functioning in
human subjects are yet to be elucidated, and future research
should consider the role of such factors in promoting
neuroinflammation and oxidative stress (Kitamura et al,
2009). Additional research in a larger sample would be
helpful in ascertaining whether there is a three-way
interaction between symptom severity, BOLD, and Glx. A
larger sample may also reveal an effect of menopause stage
on these measures. Executive function has been shown to
decline between early and late postmenopause (Elsabagh
et al, 2007), although declines observed in other cognitive
domains such as verbal memory (Epperson et al, 2013)
suggest that executive dysfunction may begin earlier. More-
over, it would be important to confirm whether LDX acts by

similar mechanisms after surgery- or chemotherapy-induced
menopause.
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